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Three organophosphorus acid anhydrases have been isolated from E. coli by gel
filtration and ion exchange column procedures, and further identified by gel
electrophoresis. All three have molecular weights in the 120 000 - 140 000 range.
Two of them hydrolyze racemic 1,2,2-trimethylpropylmethylphosphonofluoridate
(soman) to completion at a single rate and, in parallel with this, detoxify scman
at a comparable rate. The third enzyme appears to show stereoselectivity with
respect to the two pairs of isomers of soman in that it hydrolyzes the racemic
mixture at a fast and a slow rate, the latter approaching the nonenzymatic rate,
and detoxifies soman only at a slower rate. In the past, organophosphorus acid
anhydrases from bacterial and mammalian sources have been assayed either as crude
sonicates or homogenates, or as cold ethanol precipitated fractions. Major
discrepancies among laboratories have probably been due either to the assay of
mixtures of varying proportions of these three enzymes depending on the various
organs or organisms used as the source, or to the purification of one of the
enzymes at the expense of the others. For E. col i, a fourth organophosphorus acid
anhydrase is also present but at a considerably lower activity.
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SUMMARY

Three organophosphorus acid anhydrases have been isolated from E. coli by
gel filtration and ion exchange column procedures, and further identified by gel
electrophoresis. All three have molecular weights in the 120 000- 140 000
range. Two of them hydrolyze racemic 1,2,2-trimethylpropylmethylphosphono-
fluoridate (soman) to completion at a single rate and, in parallel with this, detox-
ify soman at a comparable rate. The third enzyme appears to show stereo-
selectivity with respect to the two pairs of isomers of soman in that it hydrolyzes
the racemic mixture at a fast and a slow rate, the latter approaching the non-
enzymatic rate, and detoxifies soman only at the slower rate. In the past,
organophosphorus acid anhydrases from bacterial and mammalian sources have
been assayed either as crude sonicates or homogenates, or as cold ethanol
precipitated fractions. Major discrepancies among laboratories have probably
been due either to the assay of mixtures of varying proportions of these three
enzymes depending on the various organs or organisms used as the source, or
to the purification of one of the enzymes at the expense of the others. For E. coli,
a fourth organophosphorus acid anhydrase is also present but at a considerably
lower activity.
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INTRODUCTION

Although Mazur [11 did not use the term 'DFPase' to denote an enzyme he had
found in mammalian tissues, the name continued in use until a recent interna-
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tional meeting [21 recommended organophosphorus acid anhydrase (OPA
anhydrase). Nomenclature aside, for the next decade partial purification involv-
ed cold ethanol fractionation without mention whether an ammonium sulfate
step had been attempted 11,3 - 5]. Tests in this laboratory have shown what was
probably already known but not published, namely, that the ubiquitous OPA
anhydrases (Mazur type in our terminology) are ammonium sulfate labile. In con-
trast, the OPA anhydrase discovered in squid nerve f66 survives 60-65% am-
monium sulfate precipitation and subsequent column procedures 17,8]. Other
differences between these two enzyme categories - molecular weights, sub-
strate specificities, cation requirements - have been summarized in a recent
chapter [9].

The narrowly distributed and sharply defined squid type OPA anhydrase has
consistently hydrolyzed and thus detoxifid* all four diastereoisomers of 1.2.2-
trimethylpropylmethylphosphonofluoridate (soman), albeit one pair more rapidly
than the other [10- 121. The Mazur type OPA anhydrases have given conflicting
results, ranging from an almost absolute stereospecificity, with no parallel be-
tween hydrolysis and detoxication to the opposite [11,13- 151. From time to time
we have also seen, but only once reported [161, separable peaks of OPA
anhydrase activity from a Mazur type source.

The present report deals entirely with a bacterial source of OPA anydrase, but
the results may provide a broad explanation of the hydrolysis-detoxication ano-
malies based on the more specific properties of subsets of what has been loosely
termed Mazur type OPA anhydrases.

METHODS

Enzyme assays
Use of the fluoride-sensitive electrode for OPA anhydrase determinations has

been described repeatedly, and is given in step-by-step detail in a recent chapter
[9]. For the 'hydrolysis to completion' experiments (see Figs. 4 and 5) wherein
large volumes of enzyme are required, this volume was lyophilized directly in the
10 ml reaction vessel and then reconstituted in the desired volume of buffer for-
tified with Mn 2 . For the semiquantitative determinations of OPA anhydrase
on electrophoresis gels, illustrated in Fig. 6, the gels were sliced into 5 x 50 mm
strips (1-2 mm thick), crudely ground in 2 ml buffer in a loose-fitting glass
homogenizer, washed into a reaction vessel with another 1.5 ml buffer, and the
reaction started by addition of 1.5 ml 0.01 M soman.

Determination of the loss of acetylcholinesterase (AChE)-inhibitory potency
(see Table I) has also been described in detail in the recent chapter [9], as well
as in earlier publications.

"For brevity, 'detoxified' and other forms of this word are used with reference to both whole animal
toxicity and the inhibition of acetylcholinesterase, these two properties of the compounds under con-
sideration in this paper now linked beyond question.



Enzyme source
The source of OPA anhydrase with which this paper is concerned is E. coi,

ATCC25922. Except for growth at 37 0 C, the medium and conditions were
similar to those for the growth of an obligate thermophile (55 0 C) reported at the
First International Meeting on Esterases Hydrolyzing Organophosphorus Com-
pounds held in 1988 [12]. The supernatant from the centrifuged sonicate of the
harvested E. coli cells was concentrated on a PM-10 (Amicon) membrane, the
concentrate was applied to a 2.5 x 90 cm G-150 (Pharmacia) column, and the col-
umn was eluted with the sonicate buffer. The fractions identified with individual
peaks of activity were pooled, dialyzed, and (except for aliquots retained for fur-
ther examination) applied to a 1.5 x 30 cm A-50 (Pharmacia) column. The col-
umn was eluted with a linear gradient, the limit of which was 20 mM Tris, 0.5
M NaCl. Peak fractions were again dialyzed. All solutions were fortified with
Mn 2a at 0.1 mM, and made 1 mM prior to assay.

RESULTS

Figure 1 shows the elution of protein and OPA anhydrase activity from a G-150
gel filtration resin. The activity peak labelled 1' was not consistently found, and
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Fig. 1. Elution of the supernatant from sonicated E. coli from a gel filtration resin (G-150. Phar-
macia). Vertical lines indicate pooled fractions.
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Fig. 2. Elution of fraction G-150-I1 (see Fig. 1) from an ion exchange resin (A-50. Pharmacia with
a linear gradient, the limit of which is 20 mM Tris. 0.5 M NaCI. pH 7.5.

when found was of considerably lower specific activity than peaks II and III.
When G-150-II was eluted from an A-50 anion exchange resin, two sharp peaks
of activity were found as shown in Fig. 2; when G-150-III was eluted from A-50,
a single major peak was found as shown in Fig. 3.

Small aliquots of several pooled G-150-II. G-150-III. A-50-I (G-150-I1), A-50-2
(G-150-II), and A-50 (G-150-III) peaks were tested for their initial rates of soman
hydrolysis. Based on this, two larger aliquots of each of these five peaks.
estimated to give about the same initial rates, were lyophilized in the reaction
vessels that would subsequently be used for 'reactions to completion'. The re-
sults of these determinations are shown in Figs. 4 and 5. The second aliquot of
each peak was tested for the hydrolysis of soman 'to half completion' and then
at that point was tested for the loss of AChE inhibitory potency. These results
are given in Table I.

Figure 4 shows that the hydrolysis of soman by G-150-II can be resolved into
a fast and a slow reaction. The tl 2 values shown - 10 and 42 min -- but not their
ratios. depend on the specific activity and size of the aliquot used. A straight line
can be fitted, although not as well, giving a tn2 of about 30 min. A straight line.
suggesting a single reaction, seems more appropriate for G- 150-111.
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Fig. 3. Elution of fraction G-150-I1I (see Figure I) from A-50 resin as in Fig. 2.

Figure 5 shows that the two peaks derived from G-150-11, namely' A-50-I and A-
50-2, give single reaction rates for the hydrolysis of soman. In marked contrast, the
single A-50 peak derived from G-150-111 shows two reaction rates. one about 15
times faster than the other. The obvious discrepancy between these results and those
in the previous paragraph will be considered in the Discussion.

Two samples of each of the three A-50 peaks were subjected to gel electro-
phoresis under relatively non-denaturing conditions. One gel of each fraction was
stained with coomassie blue. the second was cut into strips which were assayed for
OPA anhydrase with soman as substrate. These semi-quantitative results are
presented in Fig. 6.

DISCUSSION

The OPA anhydrases from E. coli, termed collectively Mazur type based main-
ly on the soman/DFP hydrolysis ratio and Mn2 + requirement, are resolvable
into three major Soman-hydrolyzing enzymes. While it might be expected that
the G-150-II peak would produce at least one A-50 fraction showing stereoselec-
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Fig. 4. Hydrolysis of Soman by the two G-150 fractions plotted in a first-order manner. Construction
lines are shown for resolving the G-150-II reaction into a fast and a slow component. Hydrolysis of
soman by G-150-[11 is probably a single rate. Reaction lines offset for clarity.

tivity, a consideration of Fig. 5 and Table I shows that this was not found. The
G-150-III peak, on the other hand, when further purified on the A-50 resin gave
a single peak that hydrolyzes the relatively non-toxic half of the racemic soman
about 15 times faster than the toxic half. The discrepancies between the G-150
and the A-50 separations is probably due to the poor resolution of the former.
It is clear from Fig. 1 that any cuts of peaks II or III are likely to be cross-
contaminated.

E. coli as a source of OPA anhydrase appears to contain three, and possibly
more, separable P-F splitting enzymes. From repeated tests in our laboratory,
and from a consideration of the literature over the past 40 years, it appears that
all of these 'non-squid type' OPA anhydrases are ammonium sulfate labile. The
non-applicability of an ammonium sulfate step has thus eliminated mention of
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Fig. 5. Hydrolysis of soman by the three A-50 fractions (see Figs. 2 and 3) plotted in a first-order
manner. For two of the fractions, single rates appear likely; for A-50{G-150-1II). half of the soman
is hydrolyzed by a fast reaction and the remainder approaching the non-enzymatic rate. Reaction
lines offset for clarity.

this property from the literature. It now appears likely that the cold ethanol frac-
tionation has purified almost exclusively the OPA anhydrase that hydrolyzes
only one pair of diastereoisomers of soman [111. In the present paper this is
termed A-50(G-150-III). That this enzyme is different from A-50-1(G-150-II) or

TABLE I

ENZYMATIC DEGRADATION OF SOMAN DETERMINED BY TWO METHODS

Fraction Hydrolysis Detoxication
by F- electrode by AChE inhibition
(%) (%)

G-150-4 50 48
G-150-III 50 42
A-50-1(G-150-II) 50 49
A-50-2(G-150-1I) 50 50
A-50(G-150.III) 50 18
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Fig. 6. Gel electrophoresis patterns of the three A-50 fractions and marker proteins (mol. wts. in
thousands). The assays for OPA anhydrase are semi-quantitative, so the ordinate scale is relative
only. Each segment of this illustration is a composite of photocopies (enhanced) and a graph.

A-50-2(G-150-II) seems clear from Fig. 5. Figure 2 shows that these latter two
enzymes are separable on the basis of ionic properties, and Fig. 6 suggests that
they may have different molecular weights. It is likely that each of these OPA
anhydrases, and the one or two more suggested by the minor peaks in Figs. 1 - 3.
has its own set of properties: soman/DFP hydrolytic ratio, degree of Mn 2 2 stim-
ulation, mipafox inhibition [17], effects of selected chelators, to list those that are
most easily measured. The use of whole organ or organism homogenates has
some applicability to toxicity studies, but may suggest by these criteria that
there are an almost limitless number of OPA anhydrases. The use of a seeming
major OPA anhydrase obtained by a particular purification procedure may pro-
duce results not applicable to the functioning of the whole organism. From the
data already in the literature [18-20] it seems likely that, with the exception of
the cephalopods, the members of most kingdoms and phyla that have been found
to exhibit OPA anhydrase activity will contain various proportions of these
several OPA anhydrases. The cephalopod enzyme (see ref. 21 for data on individ-
ual taxa), i.e., squid type OPA anhydrase, is distinctly different from these
several Mazur type OPA anhydrases.

More than a quarter of a century ago, Mounter [18], in his review of the metab-
olism of organophosphorus anticholinesterase agents, referred to 'several hydro-
lytic enzymes of overlapping specificities'. The results presented here provide
further confirmation of this statement.
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